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ABSTRACT

A methodology for simulating the dynamics of large industrial fires in an outdoor environment is
presented. The large eddy simulation techniques developed by the authors and their collaborators are
used to simulate fire scenarios involving a large o1l storage tank adjacent to several neighboring tanks.
Two scenarios are considered; a fire on a tank top and a fire in the containment trench surrounding
the tank. A radiative transport model based on the emission of radiant energy from localized burning
Lagrangian elements is introduced. Energy is absorbed by smoke generated as part of the combustion
processes occurring within the burning elements. The model is used to estimate the radiative heat
transfer to the tanks as a function of the fire location and the ambient wind field. These examples are
used to outline the issues that must be addressed in order to make a realistic assessment of the hazards
generated by large industrial fires.

INTRODUCTION

Large outdoor fires can be conveniently divided into two categorics based on the fuel source. Wild-
land fires are characterized by a relatively low heat relcase rate per unit area of ground covered by fuel,
but a very large area over which the fire can spread. Indeed, the description of the fire spread process is
an essential part of any successful simulation of such an event. Industrial fires, in contrast, are usually
much more highly localized but intense emitters of heat, smoke, and other combustion products. This
is particularly true if the fuel is a petroleum based substance, with a high energy density and sooting
potential. This latter type of fire is the object of study in the present paper.

The hazards associated with such fires occur on two widely separated length scales. Near the fire, over
distances comparable to the flame length, the radiant energy flux can be sufficiently high to threaten
both the structural integrity of neighboring buildings, and the physical safety of firefighters and plant
personnel. At much greater distances, typically several times the plume stabilization height in the at-
mosphere, the smoke and gaseous products generated by the fire can reach the ground in concentrations
that may be unacceptable for environmental reasons. The far field hazard has been studied previously
by the present authors'?. This work has led to the development of a computer code ALOFT, which is
available from NIST. A comprehensive description of ALOFT and its generalizations to complex terrain
can be found in Ref. 3.

In this paper the near field hazard associated with the flame radiation is studied. The scenarios chosen
arc fires burning the contents of an oil storage tank adjacent to several neighboring tanks. They arc
chosen both for their intrinsic importance and because they illustrate the ingredients needed to generate
a realistic simulation of such an event. The heat release generated by a fire on this scale can reach several
gigawatts if the entire pool surface is exposed and burning. Such fires interact strongly with the local
topography (both natural and man made), and the vertical distribution of wind and temperature in the



atmosphereMoreover, the phenomenareinherentlytime dependenandinvolve a wide temperature
range. Thus, the simplificationsemplo/ed in ALOFT andits generalizationgan not be usedin the
presentnalysis.

The next sectionpresentsa hydrodynamianodelthat containsthe components©ieededo addresghis
problem. The model consistsof a versionof the authorsthreedimensionalenclosureire modef*°,
modifiedto accounfor a stratifiedatmosphereThechangés requiredoecauseheclassicallow Mach
number”comhustionequationsisedfor enclosurdiresassumehatthe pressures a smallperturbation
abouta spatiallyuniform statethat canvary with time asheatfrom thefire is addecto the system. In
the presentscenariothefire-inducedpressuras a perturbatiorabouta vertically stratifiedpressuren
approximatehydrostatichalancewith prescribedambientwind andtemperaturdields. Topographical
featuresandthebuilt ervironmentareaccountedor by blocking portionsof the computationatlomain
to ensureno flux throughsolid boundaries.

This is supplementedby a radiative transportmodel describedn the third section. The radiationis
emittedasa prescribedraction of the chemicalenegy releasedn eachLagrangianelementusedto
describethe fire enegy input. This fraction, typically in the thirty to thirty five percentrange,is the
sameasthatusedpreviously in the presentauthorsearlierstudiesof enclosurdires. The differenceis
thatafractionof thefuel massn eachburningelemenis convertedto soot. The sootthusintroduceds
allowedto absorbradiantenegy. Theradiantenegy flux arriving onthetametsurfaceis calculatedoy
summingthe exact solutionto the radiative transportequationfor a discretesetof point emitterswith
aprescribecenepgy releaseTheeffect of theabsorptioron the plumehydrodynamicss accountedor
by usingthe analyticalsolutionto calculatethe divergenceof theflux from the samerandomsampleof
Lagrangiarelementaisedto computethe surfaceheattransfer A checkfor self-consistencis madeby
notingthatthe fractionof the comhustionenegy releasedrriving asradiationon thetargetsuriacesis
closeto thatestimatedrom crudeoil experiment8.

The approactdescribedabore preseresthe the efficiengy andaccurag of the authorsearliersmole
plumecalculation$®, andensureshattheradiative transporis calculatedrom anaccurateestimateof
the energy emittedratherthanfrom the bulk temperaturdield. This distinctionis importantfor three
reasonskFirst,theradiantenegy is actuallyemittedasaresultof the samesub-gridscaleprocessethat
governthe comhustionenepgy release.Theseprocesseare no moreaccessibléo computatiorat the
grid resolutionthanthe comtustionphenomenaimulatedby the Lagrangiarelements.Secondgven
if thebulk temperaturesvererepresentate of thosein the individual flameswherethe enegy release
actuallytakes place,thereis no reasono believe they could be calculatedwith suficient accurag to
preventseriouserrorsin theradiative transporicomputation Finally, theassumptiorthatall radiationis
emittedfrom a discretesetof point sourcegpermitsanexactsolutionto theradiative transportequation
to be emplged, eliminatingthe needfor detailedcomputationgo solve this equation. Theresultis a
fully coupledsolutionto boththefluid dynamicsandradiatve transporequationghatretainsbothhigh
resolutionandreasonableomputercosts.

In the fourth section,the modelis appliedto a studyof the radiative flux inducedby fires burningthe
contentsof anoil storagetankin a 3x3 array Eachtanksits partially depresseéh a spill containment
trenchsurroundedy a slopingembankmentTwo possiblefire scenariosareconsidered Thefirstis a
fire on the top of the tank, maximizingthe wind effect on the flameshape.The seconds afire in the
containmentrench,which maximizesthe role of the tank configuration.For eachscenariotwo wind
speedsireconsideredThewind speedorofile andthermalstratificationof the atmospherareselected
to be representate of the atmospheridooundarylayer understableconditionsprevalentin northern
winter climates.



OUTDOOR FIRE MODEL

The starting point is the equationsof motion for a compressibldlow in the low Mach number
approximation However, theequationsisdevelopedby RehmandBaunt mustbemodifiedto allow for
anambientpressurd>(z), temperaturdy(z) anddensitypo(z) thatvary with heightzin theatmosphere
in theabsencef thefire. Their equationsassumehatthefire inducedpressuréds a smallperturbation
aboutthe time dependenspatialaverageof the pressuren anenclosure.For the presentapplication,
the fire inducedpressured is a small perturbationaboutPy(z). The ambientdensityandtemperature
arerelatedto Py(z) by the equationof stateandthe assumptiorof hydrostaticbalancein the ambient
atmosphereThe equationsxpressinghe conseration of mass momentumandenegy thentake the
form:
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Here, p is the density U the velocity, T the temperatureand p the fire inducedpressuren the gas.
The unresoled momentunflux andviscousstresgensorsarelumpedtogetheranddenotedoy 1. The

guantity @ is the fluid vorticity. The vertical componenbf the velocity is denotedby w in equation
(3) andthe hydrostaticrelationbetweenP; andpg hasbeenusedin equation(2). The specificheatis

denoteddy C,,. Similarly, theunresoled adwectedenegy flux, theconductiorheatflux, andtheradiant
enegy flux aredenoteday g, while the cornvective heatreleaseper unit volumeis ¢.. Theseequations
aresupplementely modelsfor 1,d, andanequationof state:

Po(2) =pRT (4)

The enegy and momentumequationscan be thoughtof asadwancingthe time evolution of the tem-
peratureandvelocity respectiely. However the pressurgerturbationdoesnot obey an explicit time
evolution equationInsteadjt is the solutionof anelliptic equationdeterminedy thedivergenceof the
velocity field. This quantityin turnis determinedy the massandenegy conserationequations.

The equationgresentedbove alsorequiremodelsfor T andd, aswell asarepresentationf the heat
releasefrom the fire. Two approacheso the unresoled stressediave beenused. The bulk of the
large eddy simulationsperformedto dateusea constanieddyviscosity. This is suficiently accurate
providedthattwo conditionsaremet: First, thegrid employedmustbefine enoughto captureghemixing
at the scaleswherethe eddyviscosityis effective. Secondthesescalesmustbe muchsmallerthan
the characteristiplumescaleD* = (Q/ponTo\/g)z/ 5 (seeRef. 5). Alternatively, the secondof these
conditionscansometimederelaxedif a moreelaboratesub-gridscalemodelis used.Thecalculations
reportedbelon usethe Smagorinsk modef wherethe sub-gridscaleReynoldsstressensortakesthe
form: 5 5

u=@APSS i os-3(E+5) 0 B-vES 6

j Xi

TheconstanCs = 0.14, andthegrid lengthscaleA = (6x6y62)1/3. In fact,theresolutionemplg/edin
the calculationss suficiently high (a 128x128x128&rid is usedwith eachtanktop inscribedwithin a
14x14arrayof cells) for eithermodelto give essentiallythe sameresults. The unresoled corvective
heatflux is describedn termsof aneddyconductity whichis relatedto theeddyviscosityby aconstant
Prandtinumberof 0.7.



Finally, the chemicalheatreleasefrom the fire is representedby a large numberN, of Lagrangian
thermalelementsvhosemathematicatepresentatiotakesthe form®

Np
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Here, d denoteghe Dirac deltafunction,T; is the locationof theith element,§; the netrateat which
chemicalenegy is depositedoy thatelementin the gas,andy; is the fraction of the chemicalenegy
convertedinto thermalradiation. The divegenceof theradiative heatflux vectordg, which coupleshe
radiatve andcorvective transportjs calculatedrom the point sourcesolutionto theradiative transport
equation.This pointis discussedn greaterdetailbelow.

RADIATION TRANSPORT

A numberof approximatdechniquesireusedor thetreatmenbf radiative transporin otherpresent
day CFD basedire simulations.Theseinclude,the six flux model? for two-dimensionabndthe dis-
cretetransfermethod? for three-dimensionalbut assumedenterlinesymmetry)simulationsof grey
gasenclosurdires. For their two-dimensionaflame spreadsimulationsYan and Homstedt? approx-
imatethe spectraldependencéy combininga narrav-bandmodelwith the discretetransfermethod.
Anothermethod,usedby Bresslof et al.13 in their axisymmetricsimulationof a turbulentjet diffusion
flame,is to incorporateaweightedsumof grey gasesolutioninto thediscreteransfermethod.Thedif-
ferentdiscreteransferapproachesgary mostlyaccordingo thedegreeto whichthespectradependence
of theradiationis included.

Computationakost limits the compl«ity of the radiationmodel that can be emplgred in most fire
simulations.The modelpresentedhereis motivatedby the sameconsiderationsThe simulationsusing
discretetransfermethodscited abave have mostly involved CFD computationsvith grids of O(10°) —
O(10%) cells. Whengridsof thesizeusedn thepresentomputationsireused discretetransfermethods
arelessattractve. If k raysare launchedfrom eachof N? boundarypointsin a threedimensional
simulation k mustremainfixedasN increasesThis conditionis neededo ensureesnoughraystraverse
a given cell in theinterior of the computationadomainto accuratelyestimatethe net radiantenegy
absorbedy the gasin thatcell. Moreover, the numberof timesthe computationmustbe performed
increases$inearly with N, asdoesthe compleity of thecalculationof eachray. Sincethistaskbecomes
prohibitively expensve for computationsnvolving O(1CP) cells, additionalapproximationgemplo/ed
evenin someof thesimulationscited abose) mustbe made.Thesetypically involve eitherreducingthe
numberof rayslaunchedrom a boundarycell or not updatingthe radiationcalculationon every time
step. Theresultis that the coupling of the radiationto the corvective transportis approximatedess
accuratelythaneitherof the separatealculationf thetransporiprocesses.

Thepresentadiative transporimodeladaptgheideaof a setof discreteemittersto thelarge eddysimu-
lationtechniqueslevelopedearlier Theanalysiss basedntheassumptiorthataprescribedractionof
theheatreleasedrom eachthermalelemeniusedto describehefire is radiatedaway. This emittedflux
Xr G is assumedo betheactual radiantenegy flux emittedlocally by the thermalelement.Typically,
this is aboutthirty-five percentof the enegy liberatedby comhustion processes More importantly
this fraction can be estimatedrom small scaleburnsof a given fuel, wherethe absorptionby smole
particulatemattercanbe neglected.

For agivenpointrs onthetargetsurface,theradiati/e flux gr is givenby:
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Here,fi is aunit normalto the surfaceat the pointTs, andNp is thetotal numberof radiatingelementsat
theinstantin question.Thedivergenceof theradiantheatflux to agenerapointt from the samesetof
pointemittersis givenby:

Np
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Theabsorptiorcoeficientk () is takento bethe Planckmeanabsorptiorcoeficient for sootascalcu-
latedby Atreya andAgrawal*4.

K=1186f, T =1186Ys PT (cm™1) (10)
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The sootvolumefraction f, or massfractionYs is calculatedby assuminga fixed fraction of the fuel
burnedin eachLagrangianthermalelementis convertedto soot. Thus, at ary instantof time, the
amountof sootparticulateassociateavith eachelemenis knovn. Eachtime theradiationheattransfer
is calculatedthis informationis smoothednto thegrid andk evaluatedfor eachcell. Sincethe product
pT depend®nly ontheambienfpressureandthesootparticulatedensityps is fixed,k only varieswith
thelocal sootmasdtraction.

Notethatequationq7), (9), and(8) constitutean exactsolutionfor the radiantheatflux andits diver
gencein the sensethatthe angularintegrationshave beencarriedout without approximation.Hence,
thereis no “ray effect”. The computationataskreducedo evaluatingthe sumover thermalelements
for eachtarget point. The sumsare calculatedasa runningaverageover seseral time steps. At each
step,arandomsampleof O(10%) elementss chosenandthe sumis carriedout andsuitablyweighted
to accountfor all the emittedradiation. The divergenceis calculatedat the centerof each2x2x2 block
of cellsin the computationatiomainthatcontainssoot. The numberof elementsampledertime step
andthe numberof time stepsin the averagewerechosensothatthe productwould yield at least1000
termsin the contrikution to eachtargetpointon the surfaceor in thesmole plume. The averagingtime
mustbeshorterthaneitherthe plumepulsationtime or the surfacethermalresponseime to ensurehat
theresohablelarge scalefluctuationsareincorporatedn the computations.

RESULTS AND DISCUSSION

Themathematicamodeldescribedbore wasusedto studytheradiationheatflux from afire either
on top of or surroundinganoil storagetank. The figureson the following pagesdisplaythe resultsof
four simulationgperformedor thisstudy A numericalgrid consistingof 128by 128by 128cellswas
usedto spanacubicdomain768m onaside. Thecell sizewas6 m by 6 m in the horizontaldirections
andrangedrom 3 m nearthegroundto 12 m atthetop of the cubein thevertical. Thediameterof each
tankwas84 m, theheight27 m. Theseiankswereincorporatednto thecalculationby “blocking” cells.
Becausédoundanyjayersarenotresohable (exceptthe planetaryboundarylayer)atthis grid resolution,
thereis little penaltyin assuminghatthe tank walls arenot smooth,but ratherare sav-toothed.Each
tankwasdepressetielov groundlevel andsurroundedby anembankmenof height9 m. Thegeometry
of eachtankandits associatedtrench” weremodeledon the oil storagefacility of the JapanNational
Oil Corporatiorat Tomalomai. No attemptwasmadeto simulatetheentirefacility, which containsover
80tanks.



FIGURE 1: Instantaneoussnapshotof a tank fir e simulation with the wind speed6é m/s at the tops
of the tanks and the firein the trench.
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FIGURE 2: Ground level radiati ve flux. FIGURE 3: Radiative flux in burning trench.



FIGURE 4: Instantaneoussnapshotof a tank fir e simulation with the wind speed6é m/s at the tops
of the tanks and the fir e on the tank.
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FIGURE 5: Ground level radiati ve flux. FIGURE 6: Radiative flux on the tank top.



FIGURE 7: Instantaneoussnapshotof a tank fire simulation with the wind speed12 m/s at the
tops of the tanks and the firein the trench.
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FIGURE 8: Ground level radiati ve flux. FIGURE 9: Radiative flux in burning trench.



FIGURE 10: Instantaneoussnapshotof a tank fire simulation with the wind speed12 m/s at the
tops of the tanks and the fir e on the tank.
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FIGURE 11: Ground level radiative flux. FIGURE 12: Radiative flux on tank top.



A stratifiedwind profile of theform

2

wasimposedasa boundarycondition. The wind speeduyy at the heightof the tanks(zg = 27 m) was
6 m/sfor two of thesimulationsand12 m/sfor the othertwo. Theexponentp, afunctionof thesuriace
roughnesswas0.15. The temperatureof the ambientatmospheravas assumedo be uniform with

height(20°C), althoughary resohabletemperaturg@rofile canbeinput. Thefire waseitherassumedo

be engulfingthe entiretop of the tank, burningwith a heatreleaserateof 1,000kW/m?, for a total of

5.3 GW; or burning spilled oil in the trenchfor a total of 12.1 GW. The fraction of the chemicalheat
releasaatecorvertedinto thermalradiationandemittedfrom the thermalelementsvasassumedo be
35%.

u(2) = U (5) p (11)

Figuresl, 4, 7, and10 shawv instantaneousnapshotsf the Lagrangiarelementghatrepresenthefire
plumein the simulations. The bright coloredelementsare burning; releasingenegy into the gasand
the radiationfield. Thus,the compositeburning elementsepresenthe instantaneoufiame structure
attheresolutionlimit of the simulation. The dark coloredelementsareburnt out. They representhe
smole andgaseousomhustionproductghatabsorkthe radiantenegy from the flames.It is important
to understandiow muchof the emittedradiantenegy is re-absorbedby the surroundingsmole. The
magnitudeof this smole shieldingcanbe realizedby computingthe radiative flux to the surrounding
tanks. For the caseof the burningtanktopin a6 m/swind (Fig. 1), theradiative flux to the sideof the
downwind tankwas 1.6 kW/m?. A testcalculationwasperformedin which no thermalradiationwas
absorbedy thesmole. For this casetheflux to thedownwind tankwas9.0 kW/m?2. Thustheeffective
radiative fractionis (1.6/9.0) x 35%or about6%. This estimatds consistenwith themeasurementsf
Kosekf. Notethatthe actualmeasurementseremadefrom a singlepoint usinga detectorthat“saw”
the entireplume. Thus,it is essentialljthe samequantityasthat calculatedn the presentpaper The
interpretatiorof thisresultasa global estimateof theradiative fractioninvolvesadditionalassumptions
thatwill notbemadehere.To explorethis pointfurther a separatsimulationof averticalplumein the
absencef ary wind wasperformed. The corvective enegy flux at several heightsabove the fire bed
wascalculated Theenegy flux wasconsistentiyapproximatel\94%of thetotal heatreleaseaatein the
fire. This meanghatof the original 35% releasedsthermalradiation,29%wasreabsorbed.

The combinedeffectsof wind andgeometryareapparentn the figuresbelov. Theintenseradiationis

largely confinedto the containmentrenchedor thosefiresoriginatingin the trenchregardlesof wind

speed Comparisorof Fig. 3with Fig. 9 shavsthattheradiationlevelsin thetrencharehigherandmore
uniformly distributedfor the 6 m/swind thanfor thehigherwind speed At the higherspeedtheflames
andsmole areshiftedsomevhat moredowvnwind. As aresult,the upwind surfaceis moreexposedto

the flameradiation,andthe dovnwind surface more shieldedby the smole, skewing the surfaceflux

contours. Figures5 and 11 shav that the tank top fires generatedowvnwind and lateralgroundlevel

fluxes,althoughthe mostintenseradiationis backto the burning surface. Thefluxesin the firebedfor

the tank top fires areshavn in Figures6 and12. The peakvaluesareabout10 kW/m? higherfor the
tanktop firesthanfor thetrenchfires. Moreover, the higherwind exposesnoreof the upwindtanktop
surfaceto unshieldedlamesandblockingmoreof theradiationonthe dovnwind portionof thesurface
thanin thelowerwind case.

The calculationssimulated180 secondof real time with an averagetime stepof 0.09 seconds.This
requiredfrom approximately29 to 48 hoursof CPUtime persimulation,dependingon the numberof
radiatingelementshoserpertime step.Theradiatve transportalculationwastestedoy selectingrom
50to 200elementgpertime stepandusinga5 to 20 time steprunningaverage.Theradiationtransport
consumedabout20% to 50% of the total CPU time. The 5 time stepaveragingperiod corresponded
to lessthan 10% of the pulsationperiodof the fire plume. The resultsfor the radiative transportwere



insensitve to thechoiceof averagingtime within this parameterange.All calculationavereperformed
onanIBM RS6000model595sener. Approximately600 MBytes of memorywasused.

Theabaore exampledllustratethe comple interactionbetweerthetopographytheambientatmosphere,
andthefire dynamics Evenfor therelatively simpleconfiguratiorchoserfor studyhere therearemary
factorsthat stronglyaffect the resultingfire dynamics.The ambientwind andtemperaturdields must
play atleastassignificantarole asthey doin thedownwind smole dispersiordescribedy the ALOFT
code. The presencef naturaltopographicafeaturesn thevicinity of the storagetankswould further
modify theflow patternsandhencetheradiationfields. Ratherthanarbitrarily choosingopographical,
structural,and meteorologicafeaturesto simulate,it would seemto make more senseto couplethe
emeging simulationcapabilityto databasethat describethe actualbuilt environmentandassociated
topography Similarly, arbitraryprescriptionsof the ambientatmosphereould be replacedwith local
meteorologysimulationsbasedon databaseand computermodelsin useby the weatherprediction
community Theresultwould be a simulationcapabilitythatcould be usedroutinelyto predictthe fire
hazardgesultingfrom naturalor manmadedisastersn therealworld.
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